INTRODUCTION

Ca
2+ release from the intracellular stores in sea urchin eggs leads to the formation of a fertilization membrane and subsequent developmental processes (52). Recent studies have
shown that there are three distinct Ca 2+ release pathways in these eggs, which are triggered by inositol 1, 4, 5-trisphosphate (IP3), nicotinic acid adenine dinucleotide phosphate, and cyclic ADP-ribose (cADPR) (22 RyR has been identified in various animals by molecular cloning for its cDNA. In mammalian cells, there are three genetically distinct isoforms of RyR, i.e., RyR1, RyR2, and and Lee (4). The homogenate (150 µl) was added to a fluorometer cuvette containing 1.5 ml of the above medium supplemented with 5 mM phosphocreatine, 2 U/ml of creatine kinase, and 3 µM fluo 3. Exogenous CaM was not necessary for Ca 2+ release by cADPR with this system, suggesting that a sufficient amount of CaM may be contained in this homogenate.
The cuvette was set in a Hitachi F-4500 fluorescence spectrofluorometer and incubated at 30°C
. Fluo 3 fluorescence was measured with excitation and emission wavelengths of 488 and 525 nm, respectively. Because [Ca 2+ ] in the cuvette reached 10 µM or more in the presence of the homogenate, no extra Ca 2+ was added. Ca 2+ uptake was started by addition of 1 mM
Mg-ATP and reached the steady state in 5-10 min. At this point, cADPR or caffeine was added and the time-dependent changes in fluo 3 fluorescence were monitored. ) and P27 (7,258-9,987) from the randomly primed cDNA library. Six additional clones, P28 (5,776-7,717), P29 (6,566-9,143), P30 (5,124-6,747), P31 (3,741-5,732), P32
Isolation of total and poly(A)
(7,181-9,086) and P33 (6,515-7,748), were obtained by screening the randomly primed library with the 0.5 kbp EcoR I fragment derived from P21 and the 0.8 kbp Sac I fragment from P27.
These clones overlapped each other and covered the entire coding region and part of the 5'-and 3'-untranslated regions of suRyR cDNA (Fig. 2) .
Northern blot analysis. Poly(A) + RNAs from H. pulcherrimus eggs and bullfrog skeletal muscle (25 µg each) were electrophoresed on 0.5 % agarose-formaldehyde gels and transferred onto Hybond-N+ nylon membranes (Amersham Pharmacia Biotech). cDNA 6 insert of 3'-regions, P7 and pβFRR01 (34) were used as the probe for suRyR and bullfrog β-RyR, respectively. The transferred membranes were hybridized for 16 h at 42 °C with the 32 P-labeled probe, and the positive bands were detected by autoradiography.
RT-PCR assay for detection of insertion/deletion variants. The first strand cDNA was generated from 3 µg of total RNA with oligo(dT) primer (Gibco BRL) and used as a template for the PCR. Within the range of the linear relationship between the initial template and the amplified product, a small amount of the template (1 nl) was used. PCR was carried out with a specific primer pair for each insertion/deletion site using standard protocol of 30 cycles at annealing temperature of 65 °C. The PCR products were electrophoresed on a 2 % agarose gel and stained with ethidium bromide. The intensity of the bands was determined with a MasterScan densitometer.
Analysis of cDNA and protein sequences. Nucleotide sequences from individual clones were assembled into a full-length contig with the AssemblyLIGN (version 1.0), and the cDNA and protein sequences were analyzed with MacVector (version 7.0) software (IBI, Kodak).
Nucleotide residues are numbered with the adenine residue in the first initiation codon being expressed as 1. All the possible insertions were included in the full-length cDNA and protein sequences. The hydropathy profile was calculated by the method of Kyte and Doolittle (21) using a window of 19 amino acids. Alignment of RyR sequences was performed by the ClustalW with initial pairwise alignment using BLOSUM 30 weight table (open and extended gap penalties of 10 and 0.1, respectively). A phylogenetic tree was inferred based on the neighbor-joining method (39) and the probabilities that two lineages are joined together at their node to form a single cluster have been estimated by the bootstrap method as a standard procedure with 1000 resamplings (8). The aligned sequences from 11 RyRs except for the three divergent regions (D1-D3) of less similarity were used for the phylogenetic analysis 7 where a type 1 IP3 receptor was adopted as the out group. During sequencing of these clones, a number of nucleotide differences became 9 apparent between overlapping clones. A total of 94 nucleotide substitution sites were found in the ORF, only 8 of which disclosed amino acid substitution and the others being silent.
RESULTS
cADPR-induced
The sites with amino acid substitution are listed in Table 1A . Because of their majority (> 90 %), these silent substitutions would be caused by polymorphism of the sequence which might be partly ascribed to some heterogeneous RNA samples prepared from eggs of different sea urchins. Analysis of overlapping clones also revealed the nucleotide stretches of tens or more nucleotides which are missing in some clones. Such stretches were detected at four sites (IS1-IS4) in the ORF (Table 1B ). The number of nucleotides are multiples of three in all the stretches, indicating that they will not cause any frame shift. These stretches may be potential insertion/deletion sequences. (Fig. 3A) and that the remaining large part is hydrophilic. This characteristic is shared by all RyRs reported.
The predicted domain structure of suRyR which is also common among all RyRs reported is shown in Fig. 3B . Alignment of suRyR with other RyRs showed two regions (1,312-1,559 and 4,549-4,835) with markedly low identity (less than 20 %), corresponding to known divergent regions, D2 and D1, respectively (43). The D3 region of suRyR (2,023-2,032) was shorter than its counterpart (40-50 amino acid residues) of the vertebrate RyRs (43).
The identities in the entire amino acid sequence among vertebrate and invertebrate RyRs are listed in Table 2 . The scores of identity for suRyR were of similar values (43-45 %) with any one of the three rabbit RyR isoforms (RyR1-3). Identities of suRyR with RyRs from D. melanogaster and C. elegans were 43 and 39 %, respectively. These scores were markedly lower than those among genetically distinct RyR isoforms of vertebrates (65-67 %) or the values between corresponding isoforms of mammals and frogs (≥80 %) (34). The identities of the restricted regions of suRyR with the corresponding counterparts of rabbit RyR2 and of D. melanogaster RyR are shown in Fig. 3C . The highest identity was observed in the Cterminal region (59 %). The two regions, N-terminus and the stretch between D3 and D1, follows in identity (49-52 %) which is slightly higher than overall identity (43-45 %). In contrast, only 12-14 % identity was observed at D1 and D2 regions. It is unlikely that suRyR is much more similar to RyR2 or RyR3 than to RyR1 or invertebrate RyRs.
It has been shown that most of the functionally important domains of RyR reside in its C-terminal region (1). The C-terminal region of suRyR was therefore compared with those of rabbit RyR1-3 ( A notable feature of the suRyR sequence was found in the IS3 insertion (3,750-3,858), located near one fourth from the C-terminus. This insertion was considerably large and characterized by a cluster of serine residues (Fig. 5) . Of 109 residues, 40 serine residues (37 %) were found and most of them were located in the middle of the sequence. Several consensus motifs for protein phosphorylation sites (18) were observed around the serine cluster. The corresponding insertion sequence was not reported in any other RyRs.
Furthermore, BLAST search failed to find homologous sequences in the protein database.
Thus, the IS3 insertion is an entirely unique sequence in suRyR. Phylogenetic analysis of RyR family. To learn the evolutionary relationship between suRyR and the other RyRs, we carried out phylogenetic analysis of the RyR family ( 
Analysis of suRyR transcripts in unfertilized eggs.
Northern blot analysis for the suRyR transcripts in unfertilized sea urchin eggs is shown in Fig. 7A . Only a large transcript signal was detected (arrow), which shows lower mobility than that for β-RyR from frog skeletal muscle (16.0 kbp, arrowhead in Fig. 7B ). Size of the transcript was estimated to be >18 kbp, which well agrees with that predicted by the full-length cDNA (18.5 kbp).
In order to determine the expression pattern of potential insertion/deletion variants of suRyR in sea urchin egg, we amplified the variant transcripts by RT-PCR using specific primer pairs for each insertion site. Fig. 8A shows the result for IS3. cDNA clones P2 and P4
were used as a control for insertion and deletion variants, respectively (see Table 1B ). The egg total RNA gave rise to two bands whose mobilities corresponded to those of P2 and P4, respectively, indicating that these transcripts exist in sea urchin eggs. The intensity of the band for the insertion variant was estimated to be 11 % of total (insertion + deletion)
intensity. The population of insertion variant should be 6 % or less of the total after correcting for the mass of products (562 bp vs. 235 bp). Similar analysis was done for other three sites (Fig. 8B ). About two thirds were insertion variants in IS1, and an equal level of both variants was expressed for IS2. In contrast, deletion variant was primarily expressed for IS4; the ratio of insertion variant was only 3 %.
DISCUSSION
In the present study we cloned and sequenced the full-length cDNA encoding RyR from unfertilized eggs of H. pulcherrimus. The corresponding transcripts of several insertion/deletion variants were detected in the mRNA from these eggs. The deduced amino acid sequence of suRyR showed a reasonable degree of identity with known RyRs along the whole molecule and shares several common structural features. The sea urchin egg homogenates demonstrated cADPR-induced Ca 2+ release and caffeine-induced Ca 2+ release, both of which were considered to be mediated through RyR. These results suggest that suRyR may form a functional Ca 2+ release channel in the sea urchin eggs, which might also be involved in cADPR-induced Ca 2+ release.
The immunological approaches using anti-RyR antibody have detected a protein of 380 kDa (28) or ~400 kDa (25) as a putative RyR molecule in sea urchin egg microsomes.
These proteins showed considerably greater mobility on SDS-polyacrylamide gel electrophoresis than rabbit RyR1. This seems inconsistent with our results that the predicted size of suRyR is 580-600 kDa, which is clearly larger than vertebrate RyRs. It is unlikely that some smaller transcripts are also generated in the eggs, because only a large (>18 kbp) transcript was detected by Northern blot (Fig. 7) . Possible explanations for the discrepancy might be as follows: some post-translational modifications, protein degradation, and difference between species, Lytechinus (25, 28) and Hemicentrotus (this study).
The C-terminal region of RyR is thought to constitute an ion channel with all essential parts, i.e., pore, gate, and ion-selective filter, since a functional Ca 2+ release channel can be formed by C-terminal ~1,000 amino acids (1). Hydropathy profiles revealed that there are four highly hydrophobic segments which correspond to the putative transmembrane domains (M1-M4) (47) (Fig. 3A) . The C-terminal region of suRyR showed highest identity (~60 %) with the counterparts of the other RyRs, e.g., rabbit RyR2 and D. melanogaster RyR (Fig. 3C ). Recent studies using mutagenesis identified several functionally important residues on the C-terminal sequences (2, 12, 55). These residues were well conserved in suRyR (Fig.   4 ), suggesting that suRyR may constitute a functional Ca 2+ release channel which is similar in basic behavior to those of known RyRs. This is consistent with the findings that single ryanodine-or ruthenium red-sensitive cation channel currents, which show gating and conducting properties similar to known RyRs, were recorded from sea urchin egg microsomes (25, 35).
We found several amino acid substitutions in the suRyR sequence which may show polymorphism of the gene (Table 1A ). In addition, four potential insertion/deletion sites (IS1-IS4) were detected (Table 1B) . RT-PCR analysis demonstrates the presence of transcripts for these variants in sea urchin eggs (Fig. 8) . Thus, suRyR has several variants which might show different properties in Ca 2+ release channel function and its regulation.
Among these variant sites, IS3 is notable in its large size (109 residues) and sequence characteristic of serine cluster (Fig. 5 ). This stretch is entirely unique, because no homologous sequences were detected in the database by BLAST search. The ratio of IS3-positive variants was estimated to be only 6 % of total transcripts in sea urchin eggs (Fig. 8 ).
Since IS3 is located near the C-terminal region, it is likely that this sequence may affect the 15 channel function. Motif analysis found several potential phosphorylation sites around the serine cluster (Fig. 5) . It is possible that conformation of IS3 might change by protein phosphorylation through some signal transduction cascades. We are starting a functional study of these insertion/deletion variants of suRyR using a heterologous expression system. Fig. 1A ).
Therefore, one would expect that there are some unique structural features in suRyR which are linked to such functional characteristics. Analysis of the sequence, however, uncovered no particular regions with marked uniqueness in suRyR, except for the IS3 insertion and the two divergent regions (D1 and D2). Further studies with chimeric channels of suRyR and other RyRs will address this interesting question.
In mammalian cells, cADPR-induced Ca 2+ release is thought to be mediated by limited isoforms of RyR, RyR2 and RyR3 (11, 14, 32, 42). This raises an idea that suRyR or its partial stretch may be more similar to RyR2 or RyR3 than RyR1. Amino acid sequence identities of suRyR with the three mammalian RyR isoforms, however, were of similar magnitude (43-45 %) ( Table 2 ). Phylogenetic analysis clearly demonstrated that suRyR branched from the ancestral RyR of vertebrates prior to branching the three isoforms of vertebrate RyR (Fig. 6) . Thus, we have no evidence that suRyR is more similar to RyR2 or The nucleotide sequence data reported in this paper will appear in the DDBJ, EMBL, and
GenBank nucleotide sequence databases with the accession number of AB051576. Unfertilized sea urchin egg total RNA was reverse transcribed using oligo(dT) primer and subjected to PCR using a specific pair of primers for each insertion/deletion site. A, result for IS3. PCR was also done with clones P2 and P4 as a template for size control with and 26 without the insertion, respectively (see Table 1B ). Number in parentheses represents the estimated size of PCR product. The densitometric profile is shown on the right side. The ratio of intensity of each band to total is indicated. Note that the population of insertion variant should be 6 % or less of the total suRyR transcripts after correction for the mass of products (562/ 235 bp). M, size standard (100 bp ladder). B, results for IS1, IS2, and IS4.
The ratio of intensity of each band to total is shown at the right side. Table 1 . Nucleotide substitutions and insertion/deletion sites in the suRyR cDNA.
A. Nucleotide substitution sites which cause amino acid substitution
Nucleotide substitution Amino acid substitution Table 2 . Percent identities of the amino acid sequences among RyRs. 
The percent identities between RyRs were calculated from the pairwise alignment of the entire amino acid sequences. A continuous stretch of gaps which had been inserted to achieve maximum homology was counted as one substitution regardless of its length. rRyR1-3, rabbit 
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